Alkaline-earth monohalides are popular compounds that are used in various applications. Little is known, however, in terms of electronic structure, about their cations and their low-lying electronic states. We present in this work electronic structure ab-initio calculations based on multireference configuration interaction plus Davidson correction of three magnesium monohalides and their cations (MgCl, MgBr, MgI, MgCl + , MgBr + , and MgI + ). We determine the spectroscopic constants T e , R e , ω e , B e , and α e and the dissociation energies D e for their bound states. Additionally, we investigate their vibrational properties by calculating the vibrational eigenvalue E v , the rotational constant B v , and the centrifugal distortion constant D v . We additionally study the electric charge distribution of several states by determining their permanent dipole moment and transition dipole moment curves. Finally, we calculate the Franck−Condon factors and the radiative lifetimes as precursors for laser cooling experiments.
INTRODUCTION
Metal-containing molecules such as alkaline-earth monohalides are of high interest for scientists working in different types of disciplines such as astrophysics, high-and low-temperature physics, etc. They have been detected in the interstellar medium, 1 in the upper atmosphere, 2 and in high-temperature reactions that occur in flames, catalysis, and corrosion processes. 3 Moreover, alkaline-earth halides can be used as scintillators 4 and utilized in laser window materials. 5 In recent years, different laser cooling schemes have been proposed for the production of cold and ultracold diatomic molecules. Ultracold molecules, compared with ultracold atoms, have a more complex structure due to their rotational and vibrational motions. One can take advantage of this manifold configuration to propose new cooling techniques. The alkaline-earth materials have potential for laser cooling and are promising candidates for the controlled preparation of many-body entangled states. 6 These molecules are consequently attractive for the fabrication of fundamentally new condensed-matter phases, which may be later used for state of the art applications such as qubit encoding and quantum memory engineering. 7 The alkaline-earth halides SrF 8 and CaF 9 have been successfully cooled experimentally. In addition, RaF 10 and BeF 11 molecules are suggested as good candidates for direct laser cooling. Ultracold molecules are largely used, for example, in quantum information processing, 12 chemical dynamics, 13 and controlling chemistry. 14 In addition, they can be used in Bose−Einstein condensate materials. 15 Moreover, trapped cold ions 16 can be exploited in a wide range of applications such as quantum computing, 17 atom-ion sympathetic cooling 18−20 ultracold quantum and superchemistry, 14 ,21−25 precision measurements, 26, 27 and local probing of quantum degenerate gases. 28 The first few low-lying excited electronics states of the molecules MgCl, MgBr, and MgI have already been examined. 29−46 A study on the MgCl + molecule has already been published; 47 however, it only considered the two low-lying singlet states of the molecule. MgBr + and MgI + remain uninvestigated until now. Given the lack of information on the electronic structure of MgX and MgX + molecules in the literature (X = Cl, Br, and I), we were strongly motivated to perform an accurate analysis of the electronic states of these molecules and their corresponding cations.
Therefore, we investigate in this work 127 electronic states for MgCl, MgBr, MgI, MgCl + , MgBr + , and MgI + molecules and molecular ions by using an ab initio method (CASSCF/MRCI +Q). A full spectroscopic analysis was carried out for these electronic states in order to calculate the spectroscopic constants T e , R e , ω e , B e , α e , and D e , the permanent and transition dipole moments, the rovibrational parameters E v , B v , and D v , the abscissas of turning points R min and R max , and their Franck− Condon factors (FCFs).
RESULTS AND DISCUSSION
2.1. Potential Energy Curves (PECs). We investigated in this work 127 electronic states for MgCl, MgBr, MgI, MgCl + , MgBr + , and MgI + molecules. The potential energy curves of these states are plotted as a function of the internuclear distance in Figures 1−12. All the studied electronic states correlate with the molecular dissociation asymptotes as reported in Table 1 . Notably, the (2) 2 Σ + state in the MgCl molecule, (4) 2 Σ + state in the MgBr molecule, and (4) 2 Σ + state in the MgI molecule are not given in Table 1 since they are polarized states. At the dissociation limit, the three molecules dissociate into the ionic fragments Mg + ( 2 S) + Cl − ( 1 S), Mg + ( 2 S) + Br − ( 1 S), and Mg + ( 2 S) + I − ( 1 S), respectively. To check the precision of our calculations, a comparison between our calculated asymptotic energies and those available in the NIST experimental atomic spectra database 48 is carried out in the same table. This comparison shows an overall good agreement in which the percentage relative difference ranges between 0.0 and 5.44% for MgCl and MgCl + , 0.0 and 3.09% for MgBr and MgBr + , and 0 and 4.30% for MgI and MgI + . The dissociation limits of higher excited states are missing due to the breakdown of the Born−Oppenheimer approximation, which lead to the undulations in the potential energy curves for these electronic states.
Depth of potential wells can be an indicator of the strength of the binding forces linking two atoms of a diatomic molecule. A shallow potential usually suggests the dominancy of the forces of repulsion over the forces of attraction. Obviously, as shown in Figures 1−12 , the low doublet and singlet states have deep potential wells, which indicates that the molecules are more stable on lower levels, while the higher excited states have shallower wells. In contrast, the low quartet and triplet states are shallow around the equilibrium positions.
A detailed analysis of the potential energy curves reveals some crossings and avoided crossings between them. Their positions are given in Table S1 in the Supporting Information, where R c is the position of crossing between two electronic states, R AC is the position of avoided crossing, and ΔE is the energy gap separation. In Figures 1, 5, and 9, the PECs of the lowest two 2 Π states show avoided crossing at about 2.60, 2.54, and 2.64 Å for MgCl, MgBr, and MgI molecules, respectively. However, it is clear that the avoided crossings are more abundant in the magnesium monohalide molecules MgCl, MgBr, and MgI Mg (2p 6 3s 2 , 1 S) + I (5s 2 5p 5 , 2 P 0 ) 0.00 a X 2 Σ + , (1) 2 Π 0.00 b 0.00 Mg (3s3p, 3 P 0 ) + I (5s 2 5p 5 , 2 P 0 ) 20,909.765 a 
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Article compared with their molecular cations MgCl + , MgBr + , and MgI + . 2.2. The Spectroscopic Constants. The spectroscopic constants T e , R e , ω e , B e , and α e of the bound electronic states have been calculated for the three magnesium monohalide molecules (MgCl, MgBr, and MgI) and their molecular cations (MgCl + , MgBr + , and MgI + ) by fitting the energy data for these states around their equilibrium position R e into a polynomial in terms of the internuclear distance. The calculated spectroscopic constants are reported in Tables 2−7 in addition to the dissociation energies D e and the dipole moments of the considered electronic states at their equilibrium position R e . An acceptable agreement is achieved upon comparison of these values with the available experimental and theoretical data in the Our calculated values of the equilibrium bond length R e of the ground state X 2 Σ + are relatively consistent with the theoretical data in the literature where the relative differences are as follows: 0.1% 43 ≤ ΔR e /R e ≤ 1.2%, 40 0.3% 42, 44 ≤ ΔR e /R e ≤ 0.9%, 46 and 0.5% 42 ≤ ΔR e /R e ≤ 1.5% 46 for MgCl, MgBr, and MgI, respectively. Also, they are in accordance with the experimental data with average relative differences ΔR e /R e = 0.2% for MgCl and ΔR e /R e = 1.0% for MgBr. The harmonic frequencies ω e calculated in the present work are also in a very good agreement with those given in the literature where the average relative differences are 1.4% for MgCl, 1.0% for MgBr, and 0.6% for MgI. data. However, those of the ions MgBr + and MgI + are reported here for the first time to our knowledge.
In terms of the trend among the different neutral molecules and anions, it is noted that, as the halogens and their cations vary from Cl to I, the equilibrium internuclear distances R e of X 2 Σ + and A 2 Π states increase. This tendency can be explained by the decreasing value of the electronegativity of the halide elements as we go down through the periodic table. Also, the vibrational force constant ω e is much smaller for the ground state of the neutral molecules compared to their corresponding ions. For example, for MgCl, ω e = 466.44 cm −1 for the X 2 Σ + state, while for the ground state of MgCl + , ω e = 562.45 cm −1 . This is most 
Article Information, where Mg is taken at the origin in the molecules. One can notice the agreement between the position of the avoided crossing of the PECs and the positions of the crossing of the DMCs of these states, which confirm the accuracy of the present work. The majority of electronic states for MgCl, MgBr, and MgI molecules dissociate into neutral atoms at the asymptotic limit of dissociation over the range R > 8 Å (the permanent dipole moment curve tends to zero). However, for the states, (2) 2 Σ + state in the MgCl molecule, (4) 2 Σ + state in the MgBr molecule, and (4) 2 Σ + state in the MgI molecule, the bond character is of covalent character at small internuclear distances, and the dipole moments increase to a constant value at the asymptotic limit of dissociation, where these states become ionic. The dipole moment of the ground states X 2 Σ + of MgCl, MgBr, and MgI molecules presents negative values with maximum magnitudes |μ| = 3.77 a.u. at R = 3.66 Å, |μ| = 2.70 a.u. at R = 3.38 Å, and |μ| = 2.29 a.u. at R = 3.48 Å, respectively. This indicates partially ionic bonds for Mg δ+ Cl δ− , Mg δ+ Br δ− , and Mg δ+ I δ− at small internuclear distances. The dipole moment values then decrease to zero at large internuclear distances, which is an indicator of covalent character near dissociation. The PDMCs of the molecular cations present many crossings between their different electronic states, which correlate to the corresponding potential energy curves avoided crossing.
Concerning the ionic molecules, the 1 Π curves for MgCl + , MgBr + , and MgI + molecules show a significant number of crossings, especially between the two states (2) 1 Π and (3) 1 Π at small distances (about 3.18, 2.74, and 3.72 Å, respectively). The PDMCs of singlet ion MgCl + are plotted in Figure 13 , and the triplet states are given in Figure S2 in the Supporting Information, where the interatomic distance R is extended between 1.4 and 6.4 Å. As shown, several maxima with high amplitude for most of the states are observed at small distances, where the ionic character dominates. At large distances, all the states tend to zero, except states (4) 1 Π and (5) 1 Π, which are correlated to (Mg δ− + Cl δ+ ) as they tend toward ( + μ). The PDMCs of ions MgBr + and MgI + have two different directions at All the TDMCs of the (X)Σ + −(1)Π transition tend to zero at the asymptotic limit of dissociation (R ≈ 5.2 Å) in the six magnesium monohalide molecules. The radiative lifetimes τ ν′ν for the bound states are calculated between 0 ≤ ν′ ≤ 6 of the upper state and 0 ≤ ν ≤ 6 of the lower state for the investigated transitions corresponding to MgCl + , MgBr + , and MgI + . These values are given in Tables S2−S4 in the  Supporting Information. It can be seen from Tables S2−S4 that the range of the radiative lifetime of the vibrational transitions between the electronic states (X 1 Σ + −2 1 Σ + ) is 30.7 ns ≤ τ ≤ 21.6 μs, 24.9 ns ≤ τ ≤ 596 ns, and 289 ns ≤ τ ≤ 1250 μs for MgCl + , MgBr + , and MgI + , respectively. We attribute the large difference between the radiative lifetimes of the vibrational levels for the same electronic state transition of a given molecule to two factors: (i) the large variation of the transition dipole moment function with internuclear distance for the (X 1 Σ + −2 1 Σ + ) transition in MgCl + , MgBr + , and MgI + (as shown in Figure 17 ) and (ii) the remarkable difference between FCF values of the vibrational 
Article DOI: 10.1021/acsomega.9b02486 ACS Omega 2019, 4, 21741−21760 levels of one given electronic transition, as shown in Tables S11−S13 in the Supporting Information. Such a difference probably emanates from the large shift between the ground state and the excited state for the investigated molecules.
2.4. The Rovibrational Calculations. We calculated, using the canonical function approach 50, 51 and cubic spline interpolation method between each two consecutive points of the potential energy curves, the vibrational energy E v , the rotational constant B v , the centrifugal distortion constant D v , and the abscissas of the turning points R min and R max for the vibrational levels of the ground state of the investigated monohalides and their cations. These constants are given in Tables 8 and 9 , and those of some excited electronic states are provided in Tables S5−S10 in the Supporting Information. The rovibrational values are missing for some electronic states due to their shallow 
Article potential wells and/or the presence of avoided crossing within their potential energy curves. The comparison of our results with the experimental data reported by Rostas et al. 34 for the ground state of the three vibrational levels for the MgCl molecule shows a good agreement with an average relative difference ΔB v /B v = 1.8% and ΔD v /D v = 5.9%. No comparison for the values of other vibrational levels is available since they are given here for the first time.
Besides, we calculated the Franck−Condon factors (FCFs) for transitions between the ground and excited states of the cations MgCl + , MgBr + , and MgI + by using the LEVEL8.2 program. 52 The FCF study does not include the neutral molecules MgCl, MgBr, and MgI due to the failure of this approach in the presence of avoided crossings. The Franck− Condon factors, f ν′ν , are tabulated in Tables S11−S13 in the Supporting Information, where the level ν′ of the upper state and ν for the lower state ranges between 0 ≤ ν′ ≤ 9 and 0 ≤ ν ≤ 9, respectively. Additionally, for the three cations (MgCl + , MgBr + , and MgI + ), the Franck−Condon factors of the 1 Σ + − 1 Σ + and 1 Σ + − 1 Π transitions are given in Figure 18 . The obtained FCFs have a very small value for ν ≥ 0 in the considered transitions for these cations; thus, for these transitions, the FCF array is off-diagonal. Consequently, for the magnesium monohalide cations, the condition for the feasibility of laser cooling is not attained. 
CONCLUSIONS
In the present work, the PECs and PDMCs for the ground and excited doublet and quartet electronic states of the magnesium monohalide molecules MgCl, MgBr, and MgI, in addition to the excited singlet and triplet states of their molecular cations MgCl + , MgBr + , and MgI + , were investigated via ab initio CASSCF/(MRCI+Q) calculations. The spectroscopic constants T e , R e , ω e , B e , α e , the dipole moment μ e , and the dissociation energies D e have been calculated for the bound states. A comparison between our calculated spectroscopic constants and previous data in the literature shows good agreement. A similar type of agreement has been achieved in our previously published works. 53, 54 Also, the TDMCs of the (X)Σ + −Σ + and (X)Σ + −Π transitions have been investigated for the six molecules. These calculations were followed by a study in which the rovibrational constants for different vibrational levels of low-lying electronic states are calculated. Finally, the Franck− Condon factors of the magnesium monohalide cations were found to be off-diagonal and therefore cannot be used in laser cooling applications.
COMPUTATIONAL APPROACH
The electronic structure calculations of the three magnesium monohalides MgCl, MgBr, and MgI, in addition to their molecular cations MgCl + , MgBr + , and MgI + , were performed by using the quantum computational program package MOL-PRO 55 taking the advantage of the graphical user interface GABEDIT. 56 High-level potential energy curves (PECs) have been investigated by employing the state-averaged complete active space self-consistent field (CASSCF) followed by the multireference single and double configuration interaction (MRCI) method with Davidson correction (+Q). The symmetry point group of MgX and MgX + is C ∞v , but all the calculations are done in the C 2v subgroup of the C ∞v point group due to the restriction of the Molpro program. The basis set used for the six entire molecules including their corresponding orbitals are given in Table 10 with the active space of C 2v symmetry. The orbitals are distributed into the irreducible representation as follows: 5a 1 , 2b 1 , 2b 2 , and 0a 2 for MgCl and MgCl + , 7a 1 , 3b 1 , 3b 2 , and 1a 2 for MgBr and MgBr + , and 6a 1 , 3b 1 , 3b 2 , and 1a 2 for MgI and MgI + symbolized by [5,2,2,0], [7, 3, 3, 1] , and [6,3,3,1], respectively. The basis sets cc-pwCV5Z, cc-pVTZ, and aug-cc-PVQZ-DK were given by Prascher et al., 57 while aug-cc-pwCV5Z was given by Peterson et al. 58 The basis sets ECP28MWB and ECP46MWB known as the quasirelativistic energy consistent pseudo-potential were given by Dolg et al. 59 ■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsomega.9b02486. The static dipole moment curves of the quartet electronic states of MgCl, MgBr, and MgI in addition to the triplet states for MgCl + , MgBr + , and MgI + molecules (Figures S1−S6), the positions of crossing and avoided crossing among the electronic states (Table S1) , the values of the vibrational energy E v , the rotational constant B v , the centrifugal distortion constant D v , and the turning points R min and R max for some excited electronic states of the considered molecules ( Tables S2−S7) , and the FCF values for the considered cations (Tables S8−S10) (PDF) 
